In order to clarify the influence of high pressure hydrogen gas on mechanical damage in a rubber O-ring, the fracture analysis of the O-ring used for a sealing material of a pressure hydrogen vessel was conducted. The O-ring was exposed twenty cycles to hydrogen gas at 100 MPa. All the cracks observed in this study emanated from the interior, which can be classified into two types, type 1 and type 2, from the viewpoint of the location of crack initiation and the direction of crack growth. The type-1 cracks started from the center of the O-ring, while the type-2 cracks started from the sites near the surface of the O-ring. It is implied that tensile stress by compression influenced crack initiation and growth of the type-1 cracks. The mechanical damage by the type-1 cracks was more serious than that by the type-2 cracks. Stress analysis was conducted by the nonlinear FEM; then fatigue crack initiation of the O-ring was evaluated in terms of the maximum principal strain criterion, which has been widely employed for the evaluation of fatigue strength of rubber materials. The strain generated by compression was considerably smaller than fatigue fracture strain although the increase in the strain due to swelling was considered. It is considered that the type-1 cracks initiated and grew due to strain concentration caused by bubbles which were formed from supersaturated hydrogen molecules after decompression in addition to the strain due to compression and swelling.
Introduction
Hydrogen fuel cells may help mitigate the problems of global warming and depletion of fossil-fuel resources, and many studies have been conducted on such fuel cells. The materials used in hydrogen fuel cells are likely to be exposed to hydrogen environments, and since iron and steel materials are known to suffer hydrogen embrittlement, the strength properties of these materials could be adversely affected (1) - (5) . However, there are no reports on the effects of hydrogen on the strength properties of organic materials such as plastics and rubbers. Organic materials, such as the rubber used for O-rings for sealing high-pressure hydrogen gas vessels, are used together with metallic materials in equipment that is exposed to hydrogen, so it is essential to clarify the effects of hydrogen on the strength properties of both organic and metallic materials.
(1) Hydrogen gas caused blister fracture as with other gases.
(2) Blister damage became less with a decrease in solute hydrogen concentration and an increase in elastic modulus and tensile strength. ( 3) The type of fillers influenced the solute hydrogen content, i.e., carbon black raised the solute hydrogen concentration while silica did not.
Although our previous studies evaluated the influence of materials on the blister fracture, there is also an influence from environmental conditions such as hydrogen pressure and decompression rate, and the shape of the O-ring (6) . Figure 1 shows the type of cracks caused by high-pressure gas decompression based on the previous studies (10) - (13) , and the cross section and appearance of an O-ring. An actual O-ring was employed under compression. The direction of compression differs depending on the sealing method; when the O-ring is not compressed, randomly distributed and circumferential cracks are initiated. Our previous studies reported randomly distributed cracks caused by high-pressure hydrogen decompression (14) , (15) . It is believed that bubbles were formed from solute gas molecules after decompression, then randomly distributed cracks were initiated due to stress concentration at the bubbles. As for the circumferential cracks, it was reported that shear stress caused by the concentration gradient of solute gas molecules influenced crack initiation (12) .
In cases where the O-ring is compressed, cracks growing parallel to the compression direction are frequently observed, since tensile stress perpendicular to the compression direction is generated. When the decompression rate is fast (approx. ≥1 MPa/s), surface cracks as shown in Fig. 1 (b) sometimes initiate in addition to inner cracks as shown in Fig.  1(a) . As mentioned above, cracks due to high-pressure gas decompression are influenced by the decompression rate and compression of the O-ring. In the case shown in Fig. 1(a-2) , volume increase (swelling) of the O-ring raises the tensile stress caused by compression, and accelerates crack initiation and growth. The sealing performance of the O-ring increases as the compression ratio increases up to 30%, but decreases due to crack initiation when the ratio exceeds 30% (13) . Although our previous study focused on randomly distributed cracks Crack parallel to compression direction Fig. 1 Cracks generated by decompression reported in previous studies (10) - (13) .
and investigated a high-resistance material for those cracks, it is also necessary to reduce the volume increase in the case of a crack as shown in Fig. 1(a-2) . In order to develop a rubber O-ring that is highly resistant to blister fracture, it is important to clarify what type of crack initiates in actual O-rings. Fuel cell systems operate under hydrogen gas pressures ranging from 35 to 70 MPa; however, the fracture and deformation behavior of the O-rings under such high-pressure gas has not yet been clarified. We analyzed the fracture of a rubber O-ring used to seal a storage vessel for hydrogen gas at 100 MPa. In addition, a new O-ring specimen was exposed to hydrogen gas at 100 MPa, and the volume increase and solute hydrogen concentration were measured after decompression. Stress analysis in consideration of volume increase and compression was also conducted using the finite element method (FEM), and a cyclic compression test was conducted on the new O-ring. From the analysis and test results, we investigated the process of crack initiation and growth as well as the influence of swelling and compression on crack initiation and growth behavior.
Experimental method

Material and shape of O-ring
The material of the high-pressure O-ring seal was NBR, which is conventionally used as a sealing rubber material. In consideration of low-temperature characteristics, the low-nitrile NBR (acrylonitrile content: 18%) was vulcanized by sulfur and filled with carbon black (95 parts per hundred parts of rubber: phr). The density of this material is 1.286 g/cm 3 . Figure 2 Figure 3 is a schematic representation of the installation of the O-ring, which was compressed in the radial direction. The compression ratio was 30% and is defined as the ratio of the diameter of the nondeformed O-ring to the displacement of the O-ring groove. In general, a compression ratio ranging from 8 to 30% is recommended for sealing face applications of this type. Hydrogen gas was introduced from below the O-ring. The hydrogen vessel in which the O-ring was installed was pressurized with hydrogen gas from atmospheric pressure to 100 MPa at room temperature (20-30°C) during a period of 30 min, was held at 100 MPa for 30 min, and then depressurized from 100 MPa to atmospheric pressure during a period of 30 min. This cycle of hydrogen exposure was repeated 20 times. 
Fracture analysis of O-ring 2.2.1 Compression and pressure cycle conditions of O-ring
Method of observing cracks
Investigations such as crack observation were conducted for more than 24 h after decompression. The retained hydrogen content of the O-ring at 24 h after decompression was 140 wt. ppm. Figure 4 shows a schematic representation of the O-ring used for the seal of the high-pressure hydrogen vessel. An appearance inspection of the O-ring revealed a through crack (crack α) originating from the outer side of the O-ring and a surface crack (crack β) originating from the inside of the O-ring. These cracks were observed by optical and scanning electron microscopy. As for the inner cracks that could not be directly observed by appearance inspection, cross sections (A-1-G-2) as shown in Fig. 4 were cut for observation.
Tensile and viscoelasticity tests
In order to evaluate the mechanical properties of the rubber O-ring, tensile and viscoelasticity tests were conducted. A rectangular specimen (width: 2 mm, thickness: 1 mm, length: 25 mm) was cut from the O-ring as shown in Fig. 2 , and was examined using a tensile tester (Shimadzu, AG-X) for the tensile test and dynamic mechanical analyzer (IT Keisoku Seigyo, DVA-200). Unexposed and hydrogen-exposed specimens were tested to evaluate the chemical reaction induced by hydrogen exposure. Exposure conditions for the hydrogen-exposed specimen were set at 100 MPa hydrogen gas and 30°C for 65 h, nearly 
Measurement of hydrogen content and volume increase
To measure the hydrogen content and volume increase, an unexposed O-ring was cut similar to the one shown in Fig. 2 . After the cut specimen was exposed to hydrogen gas at 100 MPa and 30°C for 65 h, the hydrogen content was measured by gas chromatograph mass spectroscopy (J-Science Lab, JSH-201), and the volume increase was measured using a densimeter (Sartorius, LA230S, YDK01).
Cyclic compression test
A specimen for the fatigue test was cut from an unexposed O-ring as shown in Fig. 2 . A fatigue test of the cut specimen as shown in Fig. 5 was conducted using the tensile tester in air at room temperature. After the fatigue test, fatigue cracks on cross sections were observed by optical microscope. The cyclic compression test was conducted under compression ratios ranging from 29% to 34% from the FEM analysis mentioned later. The holding time at each compression ratio was 30 min (trapezoidal wave). Figure 6 shows the relationship between nominal stress (σ n ) and stretch (λ) of the rectangular specimen tested at room temperature in air. The stretch (λ) was expressed as λ = ε n + 1 by nominal strain (ε n ). The distance between chucking jigs (l) was set to 10 mm and the nominal strain (ε n ) was calculated by dividing the displacement of the crosshead (∆l) by l, i.e., ε n = ∆l / l. Since the σ n -λ curve at a crosshead speed of 2.5 mm/min was nearly equal to that at a crosshead speed of 8 mm/min, the influence of the crosshead speed on the σ n -λ curve was negligible. The influence of the tensile speed on the σ n -λ curve and tensile strength was reported by Smith et al., and is referred to as the failure envelope (14) . The failure envelope was due to the viscoelastic properties of rubber. Furthermore, the rubber material is regarded as a hyperelastic material with the strain energy function expressed by Eq. (1) in the FEM analysis mentioned later.
Results and discussion
Tensile and viscoelastic properties
where W 0 (I 1 , I 2 ) is the energy density function, I 1 and I 2 are invariants of the deformation tensor, and C ij are material constants. For monotonic tensile and compressive tests, the invariants of I 1 and I 2 can be expressed by using the stretch (λ) as follows:
From Eqs. (1) and (2), the energy density function was expressed as a function of λ, i.e., W 0 (λ). Therefore, by differentiating W 0 (λ) with respect to λ, we can obtain the relationship between the nominal stress (σ n ) and stretch (λ) for the tensile tests. 
We obtained the material constants (C ij ) by fitting Eq. (3) to the experimental data shown in Fig. 6 . The obtained material constants were 1.096 MPa (C 10 ), 0.809 MPa (C 01 ), and 0.513 MPa (C 20 ), respectively. Figure 7 shows temperature dispersion curves of the storage modulus (E'), loss modulus (E''), and loss tangent (tan δ) of unexposed and hydrogen-exposed specimens. The tests were conducted at a frequency of 2.5 Hz and nominal strain of 0.08%. The values of E', E'', and tan δ of the hydrogen-exposed specimen were entirely consistent with those of the unexposed specimen. Therefore, chemical reaction induced by hydrogen exposure was not observed in terms of dynamic mechanical analysis. Furthermore, a crack due to high-pressure hydrogen decompression was initiated from the bubbles formed by solute hydrogen molecules after decompression as mentioned later. A local chemical reaction around the bubbles may have occurred in the hydrogen-exposed specimen. In order to confirm this chemical reaction, unfilled sulfur-vulcanized NBR was exposed to hydrogen gas, then the infrared absorption spectrum of the hydrogen-exposed specimen containing many bubbles was measured. As a result, since the spectrum of the hydrogen-exposed specimen was consistent with that of an unexposed specimen, it was inferred that local chemical reaction around the bubbles did not occur. Figure 8 shows optical microscope images of crack α, with the tips of the crack indicated by arrows. Crack growth was approximately parallel to the compression direction. 
Crack initiation conditions
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The growth shown by crack β was also in the same direction as crack α. Figure 9 shows an optical microscope image and sketch of the fracture surface of crack α. Since two semi-elliptic patterns were observed on the fracture surface, it is considered that crack initiation was due to fatigue. Figure 10 shows an optical microscope image of cross section Σ-Σ' shown in Fig. 9 . The fracture surface of the pair in Fig. 9 was also used to create this image, i.e., the fracture surfaces were rejoined to obtain Fig. 10 . The crack appears to have grown macroscopically in the direction parallel to the compression direction. Figure 11 shows SEM images of the fracture surface of crack α. A circular facet at a size of 80 µm was observed at the site around the fracture origin. According to the analysis by energy dispersive X-ray spectrometry (EDX), the element of the facet was nearly equal to that of the matrix; therefore, it is inferred that the facet is not an extrinsic defect. On the fracture surfaces of vulcanized rubber investigated by Hasegawa et al. (17) and Fujimoto et al. (18) , a micrometer-sized site referred to as the fracture core was observed. Hasegawa et al.
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Vol. 6, No. 1, 2011 mentioned that the fracture core was the stress concentration site at a size ranging from 100 to 200 µm formed by the development of inhomogeneous structures during the tensile process, and the crack originated from this fracture core. Furthermore, Lake et al. compared the static and fatigue crack growth behavior of cut specimens with that of smooth specimens for styrene-butadiene rubber (SBR) and mentioned that the fatigue life of the smooth specimen could be successfully explained by assuming that the smooth specimen contained an intrinsic defect of about 50 µm. These results suggested that the fracture core formed in relation to the defect (extrinsic defect or inhomogeneity of rubber microstructure), which becomes a fracture origin, and that a micrometer-sized defect is necessary for crack initiation of rubber. The facet observed in this study is thought to correspond to the facture core.
Crack observation on cross section
As shown in Fig. 4 , crack initiation was observed on 15 cross sections (A-1-G-2) of eight cut specimens (A-G). Cracks were observed on nine of the 15 cross sections. Table 1 shows the results of crack initiation. In addition to cracks α and β, many inner cracks were initiated. From the observation of the cross sections, seven cracks (γ1-γ7) were identified. Figure 12 shows optical microscope images of cross sections A-2 and C-1. The cracks observed on the cross sections can be divided into two types by initiation location and growth direction. Type-1 cracks grow parallel to the compression direction; cracks α and β belong to this type, while type-2 cracks are observed near the surface of the O-ring. Of the cracks shown in Table 1 , cracks γ3 and γ4 are type-1 cracks, and the others are type-2 cracks. Both types initiated from the interior of the O-ring, and facets were observed at their fracture origins, as with the crack shown in Fig. 11 . Figure 13 shows the relationship between retained hydrogen content (c H,R ) and elapsed time after decompression of the specimen exposed to hydrogen gas at 100 MPa and 30°C for 65 h. Measurement of the hydrogen content was commenced at 40 min after decompression at room temperature (20-30°C). The retained hydrogen content was 900 wt. ppm at 40 min after decompression. The retained hydrogen content decreased with elapsed time after decompression: the content was 350 wt. ppm at 6 h and 90 wt. ppm at 24 h. Figure 14 shows the relationship between volume increase by swelling (∆V/V 0 ) and elapsed time after decompression of the specimen exposed to hydrogen gas at 100 MPa and 30°C for 65 h. This measurement was also commenced at 40 min after decompression at room temperature (20-30°C) as with the measurement of retained hydrogen content. The volume increase of the specimen was about 10% at 40 min after decompression and then became smaller with time. The volume increase corresponded with the retained hydrogen content, and became smaller with the decrease in hydrogen content. The volume increase of the specimen was estimated to be about 15% at 0 min after decompression from Fig. 14 . If it is assumed that an O-ring swells isotropically, the increase in length would be about 5% at 0 min after decompression.
Hydrogen content and volume change of O-ring exposed to hydrogen gas at 100 MPa
Influence of compression on crack initiation and growth
Stress and strain by compression and swelling
From sections 3.2 and 3.3, type-1 and type-2 cracks were initiated in the O-ring. It is inferred that the durability of the O-ring was mainly degraded by the type-1 cracks, since they were larger than the type-2 cracks, so we focused on the type-1 crack in this study. Since the type-1 crack grows macroscopically in the direction parallel to the compression direction, tensile stress and strain generated by the compression are likely to influence crack initiation and growth. In this section, the question of whether or not type-1 cracks were initiated only by the stress and strain generated by the compression was investigated using the finite element method (FEM), whereas in our previous study (14) , (15) we examined crack initiation due to the stress concentration of bubbles formed by solute hydrogen molecules after decompression. Figure 15 (a) shows the FEM model used for the stress analysis. The model was made based on the installation condition of the O-ring shown in Fig. 3 .
The tip shape of the jig that was subjected to forced displacement was assumed to be a semicircle to improve the convergence behavior of the FEM analysis. Figure 15(b) shows the meshing pattern at the site near the O-ring. This analysis employed four-node quadrangle elements (axisymmetric) having a mesh size of 0.2 mm. Figure 16 shows the procedure for the FEM analysis and the boundary conditions. ANSYS software (Ver.11) was used for the analysis, which comprised five steps as shown in Fig. 16 . In this analysis, it was assumed that the σ n -λ curve of the rubber material was not changed by swelling. The influence of swelling on the σ n -λ curve was investigated in our previous study (20) . In that study, NBR filled with carbon black (50 phr) was exposed to hydrogen gas at 100 MPa, and tensile tests were conducted on the swollen NBR. The results confirmed that the volume increase by swelling hardly influenced the σ n -λ curve, although it influenced the tensile strength. Furthermore, the analysis contained a contact problem. However, the friction coefficient for the actual conditions was not clear; therefore, we assumed for convenience that the friction coefficient is zero across the contact plane. Analysis 3 was conducted by heat transfer analysis of ANSYS. The hydrogen concentration (ppm) was replaced by temperature (°C). The hydrogen concentration at the high-pressure side, c H1 (⇒1°C), and that at the low-pressure side, c H2 (⇒0°C), were set as the boundary conditions; then, the distribution of hydrogen concentration in the steady state was analyzed. As for Analyses 4 and 5, we assumed that the volume increase by swelling was linearly proportional to the hydrogen concentration. By replacing the volume increase with thermal expansion, the distribution of stress and strain in the O-ring was calculated. The coefficient of thermal expansion was set at 0.05/°C from the results in Fig. 14, i. e., the increase in length was 5% with the exposure to hydrogen gas at 100 MPa. Furthermore, since the decompression time from 100 MPa to ambient pressure was 30 min under the actual conditions of a pressure cycle, hydrogen was desorbed during decompression. However, Analysis 5 employed the hydrogen concentration obtained by Analysis 3 under the assumption that hydrogen was not desorbed during decompression and was desorbed after decompression. Figures 17 and 18 show the distribution of the maximum principal strain and stress of the O-ring at Analyses 1, 2, and 5, respectively. From Figs. 17 and 18 , the stress and strain near the center of the O-ring were relatively larger than those at the other locations in each analysis, and their direction was perpendicular to the compression. Since the sign of the maximum principal stress of the O-ring was negative during hydrogen exposure, the stress in Analysis 2 was close to hydrostatic pressure conditions. In contrast, the maximum principal strain of the O-ring was tensile in all the analyses. Table 2 shows the maximum principal stress and strain at the center of the O-ring in Analyses 1, 2, 4, and 5. The maximum value of the true strain was 0.48, and that of the true stress was 3.0 MPa.
Cyclic compression test
The tensile elastic modulus of rubber materials is considerably smaller than that of metal materials, and significant strain was generated compared with stress by loading. The fatigue strength of rubber materials is usually evaluated based on strain, and the maximum principal strain criterion is sometimes employed (21) . Therefore, in this study, fatigue strength was evaluated using the maximum principal strain criterion. From Table 2 , the center of the O-ring was subjected to cyclic strain ranging from 0.39 to 0.48. The cyclic compression test was conducted under the condition that the cyclic strain at the center of the specimen ranged from 0.39 to 0.48. Figure 19 shows the relationship between the maximum principal strain at the center of the cut specimen and the compression ratio calculated by FEM. This analysis was conducted by using four-node quadrangle elements (plane strain) having a mesh size of 0.2 mm. From the results in Fig. 19 , the cyclic compression test was conducted under a compression ratio ranging from 29% to 34%, in order to generate strain ranging from 0.39 to 0.48 at the center of the cut specimen.
As shown in Fig. 14 , the rubber O-ring swelled by hydrogen exposure. The tearing energy (T) of a rubber material generally decreases by swelling (22) - (24) . Mueller et al. reported that the tearing energy in the swollen condition (T s ) was expressed by using the tearing energy in the unswollen condition (T) and the swelling ratio (λ s ) as follows (22) :
where the swelling ratio is the ratio of the swollen condition to unswollen condition in terms of length. The tearing energy (T) is the energy necessary to create the fracture surface per unit area, and is expressed by using the number of chain molecules crossing the unit area (n c ) and the strain energy of the elongated chain molecules (U), which is the sum of the 
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Compression ratio (%) elongated chain molecules between crosslinking points, as follows (25) :
When a rubber material swells isotropically, the number of chain molecules per unit area decreases and its value can be written as n c / λ 2 s . Therefore, the T s value is expressed by Eq. (4). Cho et al. conducted fatigue crack growth tests of swollen rubber material (SBR and NBR) and reported that their fatigue crack growth behavior, like that of unswollen rubber, was given by (24) :
where da/dN is the fatigue crack growth rate and A, m are material constants. According to the report by Cho et al., the m value of the NBR was 2.7. In a case where a single-edge-cracked specimen was elongated, its tearing energy was expressed as follows (26) :
where k(λ) is the correction factor (= π/λ 1/2 ), W 0 (λ) is the strain energy function, and a is the crack length. When the initial crack length is a 0 , and the crack length at fracture is a f ( f 0 a a << ), the fatigue life (N f ) of the unswollen rubber can be expressed as follows:
In contrast, the fatigue life of the swollen rubber (N fs ) was expressed by using λ s of Eq. (4) as follows:
From Eqs. (8) and (9), when the applied strain was the same, the relationship between N fs and N f was as follows: In this study, the fatigue crack originates from a facet in the O-ring. By regarding this facet as mechanically equivalent to a crack, we can obtain the T value of the facet. The correction factor (k) of this T value differs from that in Eq. (7). However, it is considered that the ratio of the fatigue life of the facet is equal to that of the edge crack shown in Eq. (10) , when the facet size and stress-strain conditions of the swollen specimen are the same as those of the unswollen specimen. In order to consider the influence of the swelling on the fatigue life, the cyclic compression test was set to 50 cycles, which is more than 1.3 times greater than the number of cycles of the O-ring used for the seal of the high-pressure hydrogen vessel (20 cycles) . Figure 20 shows the results of the compression test. Since no cracks were observed on the cross section of the cut specimen, the strain shown in Table 2 hardly causes the type-1 crack, even though the influence of the decrease in fatigue life by swelling is considered. In the case of the O-ring investigated in this study, the type-1 crack probably initiated by stress concentration due to bubbles formed from solute hydrogen molecules after decompression (14) , (15) in addition to tensile stress due to compression.
Conclusions
We conducted a fracture analysis on the rubber O-ring used for a high-pressure hydrogen vessel (100 MPa) and obtained the following results: (1) Cracks initiated in the rubber O-ring used for the seal of a high-pressure hydrogen vessel.
(2) The viscoelastic properties of a hydrogen-exposed specimen were consistent with those of an unexposed specimen. Furthermore, the infrared absorption spectrum of the hydrogen-exposed specimen that contains many bubbles was consistent with that of the unexposed specimen. Therefore, it was inferred that chemical reaction by hydrogen exposure did not occur. (3) From the initiation location and growth direction of inner cracks, the cracks were divided into two types (type 1 and type 2). While type-1 cracks grew in the direction parallel to the compression direction of the O-ring, type-2 cracks were initiated at sites near the surface of the O-ring. The type-1 crack was considered to be influenced by stress and strain due to compression. Type-1 cracks were larger than type-2 cracks. (4) Fatigue crack initiation was investigated in terms of strain analysis using the finite element method and maximum principal strain criterion. As a result, the strain generated by compression of the O-ring hardly caused the type-1 crack, even though the influence of the increase in compression ratio and decrease in fatigue strength by swelling was considered. It was inferred that the type-1 crack was initiated by stress concentration due to bubbles formed from solute hydrogen molecules after decompression in addition to tensile stress due to compression.
